INTRODUCTION
The terminal enzyme of the mitochondrial respiratory chain, cytochrome c oxidase (COX or complex IV), catalyzes the transfer of electrons from reduced cytochrome c to molecular oxygen. The catalytic core of this multimeric complex comprises two subunits (CO I and CO II), and is stabilized by a third subunit (CO III), all of them encoded by the mitochondrial DNA (mtDNA). CO I, II and III are very similar to their homologous proteins in prokaryotes. Ten additional subunits, encoded by the nucleus, are also required in mammals to form fully assembled complex IV (1) .
Some diseases in humans are caused by COX deficiency due to mutations in mtDNA-encoded subunits (2) . Specifically, six alterations in CO III, four in CO II and three in CO I have been reported (MITOMAP; www.mitomap.org). The investigation in cell culture of a loss of function CO III mutant has allowed it to be confirmed that this subunit does not play a direct role in energy conversion and that it is probably involved in assembly and/or stabilization of complex IV (3) . Moreover, missense mutants in CO I, isolated from patients with sideroblastic anemia (Met273Thr and Ile280Thr), are associated with a reduced COX activity and/or stability (4) .
To date, human patients have been the only available source for animal mtDNA-encoded complex IV mutants (3, 4) and, to our knowledge, such mutants have not been reported in any other animal species, including cultured cell lines (for review see 5) . Although mammalian mitochondria cannot be transformed, the mtDNA content of a given cell can be modified, or even fully replaced, by mitochondrial transfer from one cell to another (6) . Moreover, this methodology has been recently extended to embryonic stem cells and to zygotes in a way that makes possible to generate trans-mitochondrial mice using cultured cells as a source of the organelles (7) (8) (9) . However, human mitochondria cannot be successfully transferred to a mouse nuclear background because of an interspecific barrier (10) . Therefore, no animal models for COX deficiencies can be generated because of the lack of a source of mutants. Given this situation, the isolation of mouse cells harboring mtDNA mutations would be of special interest since, in addition to the information that cell culture models can provide, they are the only source available for the establishment of mtDNAtransgenic mice. These animals would be an invaluable tool that would provide the model systems required for the better understanding of the assembly, function and physiology of the respiratory complexes. In addition, they would be the only way to determine how a specific pathogenic mutant mtDNA is transmitted and distributed in tissues, resulting in mitochondrial diseases with variable clinical phenotypes, and they would allow the screening of therapeutic drugs and testing gene therapies.
We present here the identification of a mouse cell line harboring, in heteroplasmic form (more than one mtDNA haplotype present in the same cytoplasm), a single and a double missense mutation in the CO I gene. In our study, the two types of mtDNA have been segregated in different cell lines and their effects have been characterized. Thus, the single missense mutant has a significantly impaired COX activity, with a normal level of assembled complex IV. Very interestingly, the second-site mutant (double mutant) appears to largely compensate for the negative effects of the first mutation. In addition, a structural model has been developed aimed at predicting the molecular consequences of each mutation and at explaining, on structural grounds, the functional effects of the single and double mutants.
RESULTS

Background mutations within the L929 mtDNA
During the course of our investigations aimed at developing a methodology to systematically generate mtDNA mutants in mouse cells, we have sequenced the mtDNA of the L929 mouse cell line. L929 cell line (ATCC CCL-1) is a derivative clone of strain L generated from normal subcutaneous aerolar and adipose tissue of a 100 day-old C3H/An male mouse (11) . The mtDNA from L cells was the first mouse mtDNA to be sequenced (12) and is now considered as the mouse mtDNA reference sequence. The number of differences between the L929 mtDNA sequence that we have obtained and the mouse reference sequence was higher than expected. The analysis of the L929 mtDNA sequence and its comparison with the mouse reference and other published sequences (authors unpublished results) showed that three mutations were fixed at relevant frequencies during long-term culture of this cell line and these are the focus of the report.
Two of the mutations identified in L929 lie within the CO I gene [C6063A and T6589C; numbers according to (12) ] and a third is an insertion of a C in a stretch of 6Cs located between positions 13887 and 13892 [position 13879 and 13884 in (12) ], within the NADH dehydrogenase subunit 6 (ND6) coding sequence. The C6063A transversion in CO I is a missense mutation that changes Leu 246 to Ile. Similarly, the T6589C transition promotes a change from Val 421 to Ala. Sequence chromatograms and RFLP analysis revealed that, of the two CO I mutations, one (T6589C) was present in homoplasmic form (Figs 1A and 2A) while the other (C6063A) was present in 82% of mtDNA molecules ( Figs 1B and 2A) . On the other hand, the 13887 C insertion in ND 6 was present in 52% of the mtDNA molecules ( Figs 1C and 2B ). This mutation produces a frameshift starting from the 63rd amino acid, and creates a stop codon 51-53 base pairs downstream of the C stretch, resulting in a 79 amino acid-long truncated polypeptide, instead of the usual 172 amino acid ND6 protein, and it is known to be pathogenic when present in homoplasmy (13) .
In summary, the easiest way to explain the presence and frequencies of these mutations is to assume that the L929 culture contains three abundant mtDNA haplotypes (Fig. 2C) 
Isolation of cells homoplasmic for each CO I mtDNA haplotype
To evaluate the potential phenotypic consequences of the CO I mutations we tried to obtain cell clones pure (homoplasmic) for each genotype. Initially, 34 L929 single cell subclones were generated and the proportion of the heteroplasmic mutation C6063A was first monitored by RFLP analysis to estimate if the single CO I mutant (haplotype A) is located in different cells than the double CO I mutant (haplotypes B and C). The majority of the subclones, 29, were heteroplasmic for the different mtDNA haplotypes with only five being apparently devoid of the A mtDNA and none free of the B/C mtDNA (Fig. 3A) . The fact that most of the clones generated out of single cells were still heteroplasmic confirms that the various mtDNA haplotypes co-exist within the same cytoplasm.
In an attempt to force the segregation of the different haplotypes present in L929, cells were partially depleted of mtDNA by treatment with ethidium bromide (EthBr) and then allowed to recover by removing the drug. Eight of the clones obtained from single cells in this second round of cloning were homoplasmic for the A-haplotype mtDNA and therefore harbored the Val421Ala mutation alone; three of them (E09, E14 and E18) were selected for further analysis ( Fig. 2A and B) . Twenty additional clones were homoplasmic for the CO I double mutant mtDNA (Fig. 3B) , although all these included some genomes with ND6 mutant mtDNA, i.e. haplotype C as well as haplotype B mtDNAs. Repeated rounds of sub-cloning using the same strategy failed to produce cell lines pure for the haplotype-B mtDNA (not shown).
Fortunately, the ND6 13887 C insertion does not influence respiration capacity below 80% of total mtDNAs (Fig. 4A) . Moreover, COX activity was not influenced by the presence of the ND6 13887 C insertion at any proportion, even close to 100% mutant (Fig. 4B) . Therefore, it was legitimate to investigate the effects of the CO I mutations on the activity of complex IV using cell clones with mixed B/C mtDNA haplotypes. For that purpose we selected two clones, B15 and B41, harboring 72 and 77% of B mtDNA, respectively, the remaining being C-haplotype mtDNA. In addition, since the wild-type mtDNA haplotype for the CO I gene was absent in the L929 culture, it was obtained by transferring mitochondria from platelets of three different mouse strains (Balb/cJ, C57BL/6J and CBA/J) to an L929 derivative mtDNA-less cell line generated in our laboratory (r o L929 neo ). Thus, three cell lines carrying the wild-type mtDNA (control), three carrying the A-type mtDNA (single CO I mutant) and two carrying B/C mtDNAs (double CO I mutant) were chosen for detailed biochemical and molecular analysis (Fig. 2) . As an additional control, mitochondria from the original cell line L929 were also transferred to the r o L929 neo nuclear background and the resulting transmitochondrial cybrid (fL929) analyzed in parallel with the other cell lines.
COX activity is reduced in the homoplasmic single CO I mutant and recovers in the double mutant Polarographyc measurements of complex IV activity in digitonin-permeabilized cells (Fig. 5A ) revealed that cells homoplasmic for haplotype A (single CO I mutant) have a reduced COX activity (35% of control values; P < 0.0001 ANOVA Fisher's PLSD post-hoc test). The double CO I mutant cells also showed lower COX activity than control cells (62% of control values; P < 0.0001); nevertheless, it was significantly higher than that of the single mutant cells (P ¼ 0.0011). Moreover, the TMPD-dependent respiration of the heteroplasmic cell lines L929 and fL929 was intermediate between the homoplasmic single and double mutant cell lines (Fig. 5A) .
To confirm that COX activity was different between cell lines with one or two mutations in homoplasmic form, and between mutants and controls, direct measurement of COX activity was also performed by spectrophotometry. As shown in Fig. 5B and C, both COX-specific activity and the COX/CS ratio were lower in the single mutant (37% of control, P < 0.0001, and 57% of control, P < 0.0001, respectively) than in the double mutant cell lines (50% of control, P < 0.0001, and 86% of control, P ¼ 0.152, respectively). Again, the heteroplasmic cell lines gave intermediate figures ( Fig. 5B and C).
Different oxygen consumption between the homoplasmic single and double mutant cell lines
To investigate if the observed differences in COX activity had consequences for respiration, maximum oxygen consumption capacity was estimated in intact exponentially growing cells (Fig. 6 , upper panel). All the cell lines showed a good but characteristic rate of oxygen consumption, from 3.7 to 8.9 fmol/cell/min. However, those cell lines that carried only the T6589C mutation showed a consistently lower rate of oxygen consumption (54% of control, P < 0.001) than the double mutant cell lines (82% of control, P ¼ 0.061). In addition, the differences in oxygen consumption between the mtDNAvariants A and B/C, on average $34%, were significant (P < 0.0079).
Growth advantage of cells carrying the suppressor mutation
The results presented above showed that the OXPHOS competence, and more precisely the COX activity, of cells harboring the Val421Ala mutation in CO I is impaired with respect to control cells. Moreover, the second mutation, within the same gene, acts as an intramolecular suppressor mutation. To evaluate if these mutations influenced the fitness of the cells, the OXPHOS-dependent growth capacity of each cell line was tested in a medium where glucose was substituted by galactose (14) . All the cell lines investigated grew rapidly in DMEM (4.5 g/l glucose containing medium supplemented with uridine), with a doubling time (DT) varying between 18.8 and 23.7 h. All these cell lines were able to grow at a good rate when the dependence on mitochondrial OXPHOS was forced by growing them in Leivobitz medium containing galactose instead of glucose (Fig. 6, lower panel) . Conversely, a L929 mtDNA-less cell line derivative (r o L929 neo ) showed quite good growing ability in uridine-supplemented DMEM medium (DT 18.8 h), but it was unable to survive in galactose-containing medium. In agreement with the biochemical data, about 30% of growth advantage for the double mutant cells and the wild-type cells over the single mutant ones was apparent from the ratio between their doubling time in galactose/glucose (Fig. 6, lower panel) .
The Val421Ala change within the CO I protein does not affect complex IV assembly and stability
The reduction in COX associated with mtDNA haplotype A could be due to modifications of either the activity or in the assembly/ stability of the complex. To distinguish between these two possibilities we performed Blue-Native gel electrophoresis of the mitochondrial respiratory complexes from representative cell lines of each mtDNA haplotype. Then, to estimate the relative content of COX in the different cell lines, we identified the target complexes with specific antibodies against complexes IV and I. As shown in Figure 7 , all tested cell lines maintained a similar relative amount of complex IV/complex I regardless of the mtDNA haplotype they carried (B/C, 1.05; A, 1.16; Balb/cJ, 1; C57BL/6J, 1; CBA/J, 0.9). Therefore, differences in the level of assembled complex IV cannot explain the characteristic COX activity promoted by the different mtDNA haplotypes.
Val421Ala and Leu246Ile changes affect highly conserved amino acids within CO I
The type of residues involved in the two CO I mutations contain aliphatic side-chains, which excludes their direct participation in the electron transport pathway. Nevertheless, these mutations could still induce structural changes that could explain their functional consequences. In order to investigate this possibility, we analyzed the evolutionary relationship of these two residues.
Mutational compensation of protein function can in principle be traced in the form of correlated mutations (15) (16) (17) . To that end, we have tried to perform a correlation analysis of all the COX sequences available in SWISS-PROT (18) . In metazoans (58 sequences) the two positions are totally conserved (as are 30% of all COX residues in this group). When the analysis is extended beyond metazoans, Leu246 is more conserved than Val 421, although in both cases variants are rare (10 and 18 times, respectively, in the 103 sequences analyzed, P 246 ¼ 0.10 and P 421 ¼ 0.17). Thus, the allowed range of substitutions is narrower for Leu246 (Ile, Met and Pro) than for Val421 (Ile, Gln, Ser, Phe, Thr, Met, Tyr and Ala). However, it should be stressed that only two types of Val421 substitution (by Ser or by Ala) were found to occur both in eukaryotes and prokaryotes; the remaining substitutions are confined within a phylogenetic lineage.
In seven of 10 sequences where Leu246 is substituted, a concomitant change at position 421 is observed (usually to Ser but also to Ala; see Fig. 8 ). Most notably, the Ile/Ala pair of the mouse L929 cell line occurs naturally in the bacterium Rhodobacter sphaeroides. Similarly, mutation of Val421 is often accompanied by an additional mutation of Leu246, in seven out 18 occasions. That said, it is modified alone in some eukaryotes, bacteria and archea (Fig. 8) . For the 103 sequences analyzed, the probability of both mutations occurring together at random would be P 246 Â P 421 ¼ 0.017. In other words, 1.7 sequences out of the 103 would be expected to bear mutations in both positions. Instead, seven are found, which suggests that mutations at the two positions are correlated.
The predicted structural consequences of the Val421Ala change within the CO I protein are compensated by the second mutation Leu246Ile
To gain insight into the structural implications of the mutations with diminished COX function we have modeled the mouse enzyme using the bovine one, whose X-ray structure is known (19) , as template. The root mean square deviation (RMS) of template and model backbone atoms is of 0.23 Å . The very high homology between the two complexes (93.6% identity) makes the mouse COX model a close approximation to its threedimensional structure. According to the model, the residues that are different in the mouse and bovine COX complexes are at least 10 Å away from the mutated amino acids.
The first mutation (Val421Ala) is located in helix XII close to Heme a. The wild-type valine is located 5 Å away from the farnesyl hydroxyl of Heme a and faces a channel running across the interface of helices XI and XII, the so-called channel H (19, 20) . The second mutation (Leu246Ile) appears in helix VI. The wild-type leucine lays on the surface of the so-called channel D and it is 4 Å away from the nearest Heme (Heme a 3 ) and 6.5 Å away from Heme a.
We have recently developed a simple procedure that can predict accurately the size and volume of cavities created in proteins by engineered mutations that substitute large residues by smaller ones (21) . The method has been tested against 23 cavity mutants of known crystal structure (from three different proteins) and shown to predict very accurately whether the virtual cavity arising from the shortening of the side chain collapses, expands or remains unchanged. The method can only be applied to mutant proteins that are well folded, as is certainly the case with the COX mutants because they remain functional, although with a lower activity. We have applied this method to investigate the effect of the COX mutations on the local protein structure. The first mutation (Val421Ala) enlarges, from 39 to 88 Å 3 , a pre-existing cavity. This represents a substantial expansion from the theoretical cavity volume of 60 Å 3 that should appear upon Val/Ala replacement, in the absence of any local protein rearrangement. The cavity in the Val/Ala mutant is thus two-fold larger than the wild-type cavity and extends along the pore (Fig. 9A ). This cavity is very close to the farnesyl hydroxyl of Heme a (20) . The hydrogen bonding and cavity patterns at channels D and K are predicted to remain unaffected by the mutation (not shown). The model also predicts that the environment of the two hemes remains unaffected in the mutant (not shown). Thus, the RMS deviation of the heme neighboring groups at 6 Å in the mutant and wild-type structures is as low as 0.12 Å .
The Leu246Ile mutation represents the introduction of an extra methyl group in the protein core. This group is easily accommodated in a small nearby cavity and does not disrupt the core. In addition, the mutation helps to regularize the dihedral angles of helix VI that appeared slightly distorted near the 246 residue in both wild type and Val421Ala COX. This rearrangement of helix VI is somehow transmitted to helix XI (probably through the intervening helix X, also distorted in this region) because, in the double mutant, the elongated cavity near position 421 shrinks to 59 Å 3 , almost exactly its predicted value if no additional expansion had occurred concomitant with the Val/Ala mutation (Fig. 9B) . In addition, with the second mutation the cavity recovers its spherical shape and thus resembles the original wild-type cavity. Recently, an analogous compensating effect of a distant mutation on the stability and function of the smaller protein lysozyme has been described (22) . It is clear that, if our hypothesis that the enlargement and elongation of the cavity associated with the Val421Ala mutation is the cause of the moderate decrease in COX function observed, the Leu246Ile mutation can compensate for the effect of the first one as it restores the cavity shape and size to a closer to wild-type conformation.
DISCUSSION
The results reported here have implications for our understanding of COX function and of mtDNA dynamics in mammalian cells.
Evolution of the mtDNA complement in cultured cells
The norm in mammalian cells is that the sequence of the vast majority of mtDNA molecules should be identical (homoplasmy). This is achieved in animals because, at each new generation, the mtDNA complement derives from clonal expansion of a few copies of maternal mtDNA. In somatic cells however, there is no such a narrow sampling process and heteroplasmy can arise more easily. Despite this, the maintenance and progression of mtDNA variants as well as the level of heteroplasmy is still constrained by the consequences of the mutations for mtDNA and cell fitness. Cells are usually grown in media supplemented with an excess of glucose and other components that reduce their dependence on OXPHOS capacity. In fact, as revealed by biochemical measurements and molecular analysis, the amount and activity of the respiratory complexes in cell culture is significantly lower than in differentiated cells. In this context, the pressures selecting against deleterious mtDNA mutations are significantly relaxed. In this respect, it has been recently shown that different sublines of the original human HeLa cell line have acquired a variety of homoplasmic and heteroplasmic polymorphisms, although their phenotypic relevance has not been defined (23) .
The occurrence of three mutations that accumulate to high frequencies in the same cell line (L929 mouse cells) is very intriguing, and we speculate that the T6589C (Val421Ala) mutation appeared first in the cell line, it became homoplasmic in some cells, perhaps by simple genetic drift, and was subsequently sub-cloned (mtDNA haplotype A). In fact, L929 cell clone was established in 1948 by the capillary technique for single cell isolation, being the first cell line derived from the parental L strain (24) . After that, an independent event of mutation within the homoplasmic T6589C cell population would originate the C6063A (Leu246Ile) mutation that would become predominant but not homoplasmic (mtDNA haplotype B). The probability of accidentally selecting by random drift two events of mutation, both lying within the same gene, would appear very low. We further speculate that the first mutation could be partially deleterious for the COX and that the second one could totally or partially compensate the defect and therefore its selection was phenotypically driven once it arose. A third mutation event affecting only the mtDNA haplotype B would originate the ND6 frameshift mutation (mtDNA haplotype C). The confirmation that the Val421Ala mutation impairs COX and the Leu246Ile suppresses most of the COX defect supports this interpretation.
Our results corroborate those from human HeLa (23) and other cell models (25) (26) (27) , indicating that the mtDNA complement in cultured cell lines is not fixed. On the contrary, it mutates and evolves. In addition, we could confirm that all the detected mutations have functional consequences on OXPHOS performance. Moreover, we show that functional deleterious mutations can become predominant, even reaching homoplasmy, and that several mtDNA haplotypes can be observed at stable frequencies in a given cell line. Since the three mtDNA mutations were repeatedly present after single cell sub cloning of the original culture, we can be sure that the three mtDNA haplotypes reside within the same cytoplasm and that very likely they have been or still are present in the same organelle and/or mtDNA nucleoid.
How much COX excess is there in animal cells?
A controversial issue regarding the physiological role of the COX activity in mammalian cells is how much the capacity of this enzyme exceeds that which is required to sustain respiration. The question is not trivial and has profound implications for our understanding of mtDNA-linked pathologies in humans. To estimate COX excess, titration experiments with inhibitors of the COX have been performed in isolated mitochondria (28) (29) (30) (31) (32) , or permeabilized (33, 34) or intact cells (35) (36) (37) (38) . The different approaches produced different conclusions. Using isolated organelles from different sources, a large COX excess of 2-4-fold was estimated depending on the tissue. On the contrary, when using intact cultured cells from different sources, a narrow excess of COX (1.2-1.4 fold) was estimated (35) (36) (37) (38) . The availability of mutants that promote only a partial decrease in COX activity represents a genetic tool to evaluate the reduction in such activity that can be allowed before affecting respiration. Thus, in our study, the Val421Ala CO I variant was associated with a 43-65% reduction in COX activity, and showed a lower respiration rate than controls. On the contrary, the Leu246Ile/ Val421Ala variant was associated with a 25-40% reduction in COX activity and showed normal respiration and growth. Therefore, in agreement with the estimations reported by Villani and Attardi, the excess of COX activity over respiration would be somewhere between 25 and 40% (1.2-1.4-fold) in our cells. Since the technology to transfer whole mitochondria to ES cells or embryos is already available (7-9), our mutants can be used to elucidate the relationship between COX activity, respiration capacity and pathology in the mouse.
Structural hypothesis on the molecular consequences of each mutation
The results presented in this report suggest that the cavity size in the surroundings of Val421 in CO I of animal COX influences the activity of the enzyme. The possible role of such a cavity remains to be clarified. It participates in a putative hydrophilic network inside one of the three pores (pore C) that has been described after the determination of the structure of a bacterial (39) and bovine (19, 40) COX. On one side, a regulatory role was attributed to this hydrophilic network (41) , but on the other it was proposed that it belongs to a true proton-pumping pathway in animal oxidases, the so-called channel H (20) .
Then, our structural hypothesis renders support for a functional role of channel H in animal COX, although it does not allow it to be discerned whether this is related to the function as the proton-pumping pathway or as a regulatory hydrophilic network that does not participate in proton translocation. The definitive answer to this and other alternatives should wait for the generation and isolation of additional mtDNA mutants in animal cells.
The starting point for the generation of an animal model for mtDNA-linked COX deficiency
In conclusion, the more relevant contribution of the research presented in this report is the description and characterization for the first time of a missense mutation in the mtDNA that promotes a significant reduction in COX activity to a level that could become pathological in differentiated cells. Since the development of methodological approaches for the transference of functional mitochondria from cell lines to embryos, only one true model for mtDNA-linked diseases has been generated (9) . This is mainly due to the lack of a variety of characterized mutants in mouse mtDNA. Therefore, the discovery presented in this report opens the possibility of transfering mitochondria from the mutant cells to ES cells or to zygotes in order to generate a mouse with partial COX deficiency. Since the mutation does not abolish completely the activity of the electron transport chain, such a model could be used to determine the tissues or cell types as well the metabolic processes more sensitive to a decrease in the COX capacity and, ultimately, to evaluate therapeutic approaches for mtDNA linked diseases. The behavior of different mitochondrial genotypes in the whole organism may also provide new insights into the segregation of mtDNA.
MATERIALS AND METHODS
Cell lines and media
L929 mouse cells were grown in DMEM (BioWhittaker) supplemented with 5% FBS (fetal bovine serum, GibcoBRL). mtDNA-less mouse cells (r o L929) were generated by longterm growth of the L929 mouse cell line in the presence of high concentrations of EthBr as previously described (42) . The r o L929 neo cell line is a geneticin-resistant derivative of the r o L929 cell line, obtained by transfection with the neocassettecontaining plasmid pcDNA3.1 (Invitrogen), and it was grown in DMEM supplemented with 5% FBS, 50 mg of uridine per ml and 1 mM pyruvate (r o medium), in the presence of 250 mg/ml of geneticin (G418, Sigma). The selective Leivobitz (GibcoBRL) medium supplemented with 5% FBS was used to test OXPHOS growth dependence. This medium contains a low concentration of galactose instead of glucose.
Transfer of mitochondria into q o L929 neo cell lines r o L929 neo cell transformation by cytoplast fusion was carried out as previously described (43) . Transmitochondrial cell lines were isolated by growing the cell population in DMEM supplemented with 5% dialyzed fetal bovine serum and 500 mg/ml of geneticin (G418). The transference of mitochondria from platelets to r o L929 neo was performed as previously described (44) .
Oxygen consumption measurements
O 2 consumption determinations in intact cells or in digitoninepermeabilized cells were carried out in an oxigraph with a Clark electrode (Hansatech) as previously described with small modifications (38, 45) . For determination of the maximum respiration capacity, exponentially growing cells were collected by trypsinization and centrifugation, and resuspended at 6.5 Â 10 6 cells per ml in 0.75 ml of DMEM containing glucose (4.5 g/l), supplemented with 5% FBS, equilibrated at 37 C. Each sample was transferred into a 1.5 ml water-jacketed chamber containing a small magnetic bar, and connected to a circulating water bath at 37 C and a Clark-type oxygen electrode, and recording of oxygen consumption was carried out for 150 s. Then, 2,4-dinitrophenol (DNP, Sigma) to 25-30 mM was added to uncouple the mitochondria in intact cells and oxygen consumption was monitored for 150 additional seconds to determine the maximum O 2 consumption of each cell line.
For determination of the complex IV-dependent respiration cell samples were resuspended at 5.0 Â 10 6 cells per ml in 1 ml of a buffer containing 20 mM HEPES pH 7.1, 250 mM sucrose, 10 mM MgCl 2 , 1 mM ADP and 2 mM Pi. Then, the oxygen consumption was measured as described above but after addition of: digitonine (8 mg per million cells) to permeabilize the cell membrane, rotenone (Sigma) (100 nM) to inhibit complex I-dependent respiration; antimycin A (Sigma) (20 nM) to inhibit complex II þ III dependent respiration; and TMPD (N,N,N 0 ,N 0 -tetramethyl-p-phenylenediamine; Sigma; 0.1-2.0 mM) as a direct electron donor to complex IV.
DNA analysis and mtDNA sequencing
Total DNA was isolated from cells by digestion with proteinase K in buffer TE (Tris 10 mM, EDTA 1 mM, pH 7.5), containing 0.5% SDS and ribonuclease A, purified by extraction with phenol-chloroform-isoamyl alcohol and precipitated with ethanol. Overlapping segments of 1000-1500 bp covering the entire mtDNA were amplified by PCR, with the appropriate oligodeoxynucleotides. The PCR products were purified using the rapid PCR purification system of Gibco BRL, and the purified double stranded fragments were directly sequenced by the chain termination method, using nested primers.
Quantification of the CO I 6063 and 6589 mutations was achieved by RFLP analysis. Thus, a 177 bp fragment containing the 6063 site was amplified by polymerase chain reaction with the following primers: (1) forward, GCATCTGTTCTGATTCTTTGGGCACCCAGAAGTTTAaATT (positions 6023-6062, forward primer carrying a mismatch indicated by the lower case a); (2) reverse, GTGGTGGGCTCATACAATAAAGC (positions 6200-6178).
The combination of the PCR-generated mutation together with the wild-type version at the 6063 site generates a recognition site for Acs I. Thus, the presence of the 6063 mutation disrupts the restriction site.
To analyze the 6589 mutation, a 125 bp fragment was amplified by polymerase chain reaction with the following primers: (1) forward, CATGAGCAAAAGCCCACTTCGCCATCATATTCGTAGGcG (position 6550-6588, forward primer carrying a mismatch indicated by the lower case c); (2) reverse, TGTGGTGTAAGCATCTGGGTAG (position 6653-6674, reverse primer).
The combination of the PCR-generated mutation together with the mutant version at the 6589 site (6589C) creates a recognition site for Hha I. Thus, the presence of the 6589T (wild-type) disrupts the restriction site.
The fragments generated after digestion with the corresponding enzyme were visualized by electrophoresis in a 3% agarose gel containing 0.5 mg/ml EthBr. Quantification of the ND6 C insertion was achieved by allele specific termination of primer extension (13) .
Analysis of assembled complex I and IV by Blue native electrophoresis
Estimation of the relative level of complex IV assembly in the control and mutant cell lines was performed by Blue-Native electrophoresis (BN-PAGE) according to Schägger (46) . After electrophoresis, the complexes were electroblotted onto nylon filters and sequentially probed with specific antibodies against complex I (anti-NDUSF3, kindly gifted by Dr R. A. Capaldi), and complex IV (anti-CO I, Molecular Probes). The specific complexes were detected by the 'ECL western blotting detection analysis system' from Amersham. The signal obtained with each antibody was quantified on autoradiography films using a laser densitometer and the ratio of complex I to complex IV specific intensities was determined for each cell line.
Modeling of the mouse COX complex
The mouse COX complex (13 subunits) was modeled with SwissModel (47) using several structures of the bovine heart COX as templates (PDB codes: 100C, 10CO, 10CR, 10CZ and 200C). Some of the shorter subunits were, however, modeled after the corresponding subunits from other species (PDB codes: 1EHK, 1AR1, 1QLE and 1FFT). The identity between template and target subunit sequences varied from 100% (subunit V) to 63% (subunit VIII). The identity for subunit I was 93.6%. The original model was analyzed with WHATCHECK (as implemented in WHATIF) (48) and a number of non-satisfactory distances and angles where refined by 500 steps of steepest descents using CHARMm (49) as implemented in InsightII (MSI Inc). The model was then analyzed with PROCHECK (50), which detected no geometrical errors.
Modeling of the Val421Ala and Val421Ala/Leu246Ile COX mutations
The modeling of mutations involving hydrophobic buried residues was done as described (21) . All minimizations were carried out using the CHARMm force field (49) as implemented in Insight II (MSI Inc). A cut-off distance of 11 Å was used for non-bonded interactions (with smoothing from 8 Å ). 2000 steps of steepest descents were applied to each structure in an unconstrained path. Minimizations were started from the modeled structures of the mouse wild-type COX after having implemented the appropriate in silico mutations. Two mutants were modeled: Val421Ala and Val421Ala/Leu246Ile. Cavity volumes were calculated using the Connolly method with a probe radius of 1.4 Å (51).
Protein sequence alignments
Homologs of the mouse COX sequence were identified with BLAST (52) and preliminarily aligned with CLUSTALW (53). Incomplete sequences bearing more than 15% gaps or less than 30% identities were discarded and the remaining sequences were realigned. BioEdit was used to extract the alignment information.
